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ABSTRACT

An analytical and experimental investigation of "plasma"
magnetrons with smooth-bore anodes is deseribed. Secondary-
emission yield of several materials is investigated and the
region in which limiting anode currents are obtained is re-
lated to the operation of conventional megnetrons. Basic
phenomena caused by Philips-ion-gage discharge particles are
described, with particular emphasis on the sheath region.

The phenomena underlying the build-up of anode current are
elucidated.
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I. INTRODUCTION

The magnetron with & distributed-emission cathode has been
shown to convert dc to ac with high efriciency.1’2 Plasma-nagne-
trons wvith smooth-bore anodes have been investigated for the pur-
pose of increasing the cutput power of magnetrons as vell as for
exploring the plasma boundary in a magnetic ﬁ.eld.3

The behavior of such tubes depends largely on the secondary-
emission yield of the cathods material. The higher-yield cathode
is used with lower anode voltages, wvhere apprecisble turbulent
flow into the anode occurs even under very good vacuum conditions.
With lower-yield secondary-emission cathodes, the anode-voltage
can be increased to a fairly high value without any appreciable
anode current. In the latter case, many of the carriers are
supplied through an ionization process.

The region vhere the amode current increases rapidly with the
anode voltage for an aluminum or a magnesium cathode, which has a
high secondary-emission ratio, should be related to the operation
of usual magnetrons. This region has besn investigated for the
purpose of getting optimm dimensions of the interaction -p.ce.3’h
A region where the anode-voltage builds up without an appreciable
anode current, as obtained with a stainless-steel catbode which
has a comparatively low secondary-emission yleld, may be interesting
for another reason. The high-energy particles, which move back
and forth along the curved magnetic-rield lines owing to PIG
action, may cause a high kinetic temperature in the p.lunn.3’5

The experiments to be described were planned to investigate
the basic phencmena caused by the PIG-discharge particles, with
particular emphasis on imvestigating the sheath region. Though
magnetron structures were used for the experiment, it may be
possible to replace one metal boundary vith a plasma. In this
situation both electron and ion sheaths are possible, depending
on the potentials. Although only metal boundaries are discussed
in this report, it may also provide some basic information about

-1-



(II. EXPERIMENTAL PROCEDURE)
the ion sheath as the counterpart of the electron sheath.

The most interesting results have been obtained in the in-
vestigation of the space-charge behavior of a magnetron with a
stainless-steel cathode. Since the low secondary-emission yield
of the stainless-steel cathode allows the anode voltage to be in-
creased to more than a fev tens of kilovolts without an appreciable
anode current, many interesting phencmens have been revuied that
were previously hidden behind the build-up of the anode current
in magnetrons with alumimm or magnesium cathodes.

As an application to the investigation of the motion of’
particles in crossed fields, the values of the fields for optimal
bunching in a magnetron are also obtained.

All formulas are in MKS units unless otherwise specified.

II. EXPERIMENTAL FROCEDURE

The experimental equipment used is shown schematically in
Fig. 1. The noise at the anode, the cage-current characteristics,

Choke
)——'a':'v&h) —
i I 1
Water cathode ; /anods
resistor
Tk 2’2
Ca
0 - 50kv 0.5uf
oscilloscope
o

Coll for magnet

Fig. 1l.--Schematic of experimental equipment.
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(II. EXPERIMENTAL PROCEDURE)
and the frequency spectra.in a given frequency region vere measured
as the experimental factors of primary interest. The relation be-
tveen anode voltage and anode current under various magnetic fields
was also investigated.

/a.xis of symmetry

——F——1 copper ano
tungsten ' /o pe d%
filament | /
@ 7
—_—— e — ' 4
| N 4
N\ yoke 2
! /]
/]
50cm | Y
i 4
|
|

N

catho
TR —
—Li
e /
| I d=1r -r
\ I ca
F2r,

Mg. 2.--I11ustration of devices tested.

The devices tested are shown in Fig. 2. The data relating
to the three devices, which are described in Table 1, will be pre-

sented in the following pages. The cages installed in their

‘PABLE I.--Devices tested.

rwa ot | oo |y |y (&) B e
88-2.4 |Stainless Steel| 15.26 | 10.5| 2.h| 2 yes |
S8-1.1 |Stainless Steel | 15.26 13.0| 1.1 2 yes
Al-2.45 | Aluninum 15.h4 10.5| 2.4 3 no

respective devices are mmbered from the one nearest to the cen-

tral part of the device.

- 3
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(III. CHARACTERISTICS)

filament, projecting several millimeters from the stainless-steel
cathode into the anode-cathode space, at the cage position, is
used for detecting the frequency spectra of PIG-discharge current.
(It was installed originally to provide more electrons, to compen-

sate for small secondary emission.)
The value of the magnetic field produced by the magnet coil

refers to the central part of the device. If nothing is noted

about the anode condenser (C. = 0.5 uf), it may be understood that

it is removed from the equipment. A hydrogen leak issued for
controlling the gas pressure inside the devices (SS5-2.4) ana

(s8-1.1).

III. RELATIONS AMONG ANODE VOLTAGE, ANODE CURRENT, AND MAGMETIC FIELD

Voltage-current characteristics for (S8-2.4) are illustrated
in Mig. 3 with magnetic field and hydrogen pressure as parsmeters;

625 gauss
Vd i 312 gaus
" 8.5 x 10~ "> m of Hg
(xv) 55,312 gauss (SS-2.14)
304 !
é 25.5 x 10°° mn of Hg
i (88-2.4)
]
f 625 gauss
f 312 gauss
o)
104 ; 5
q 3.4 x 1077 m or Hg (A1-2.45)

1
I, (amp)

Mg, 3. --Cc-pcrison of voltage-curre
acteristics for (88-2.4) and (A1-2 ks).
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(III. CHARACTERISTICS)
they are compared with the characteristics for (A1-2.45). The
difference between the secondary-emission yields of the stainless-
steel and the aluminum cathodes accounts for the markedly different
characteristics. The hydrogen pressure does not greatly affect
the value of anode voltage where the anode current builds up ab-
ruptly for (88-2.4). A relation between anode current and gas
pressure is shown in Pig. 4, which gives a linear dependence of
I,onp (pressure).

500 + v, = 20kv

B = 625 gauss .
(ma) b4OOT

o‘ 4 4 4
0 1 2 3
p( x 1.7 x 10°* m of Hg)

Fig. 4.--Illustration of linear dependence of
I, onp.

d

From Figs. 3 and 4 we see that the I-V characteristic does
not apprecisbly change with pressure, except for the smooth in-
crease in current at a given voltage. From this result we may
infer that the basic space-charge pattern in the crossed-field
region is not greatly affected by the gas pressure (measurements
have been made belov 10™3 mm of Hg) but the electron scattering

-5



(III. CHARACTERISTICS)
tovards the anode is affected by the pressure.’ This result is
easily conceivable if the magnetic pressure is considered to be
much higher than the gas pressure. Suppose Va = 10 kV, B = 0.0312

ms’ber/m2 , and a laminar-flow situation holds. A simple calculation
shows that the electron circulating current smounts to 28.7 smp/m,
which determines the difference between the magnetic fields at

anode side and at cathode side in the gap region. The corresponding
difference of the pressures at both sides may be expressed as

Ap=~ B-aR (1)

vhere A H is given by the circulating current. If B = 0.0312
weber/ma and AE = 28.7 amp/m, Ap =0.9 l/n2 ~ 70 uEg. This
calculation illustrates the fact that much higher density of ions
than that given by the gas pressure does exist on the surface of
the cathode.

The voltage-current characteristics for the (88-1.1) device,
wvhose separation distance between anode and cathode is about half
that of (38-2.4), are illustrated in Migs. 5 and 6.

The bumps in the I-V characteristic for the narrov spacing
were not found in the previously discussed devices. However, the
symptoms of these irregularities are found even in the (88-2.k)
device vhen noise-measurements are made with it. These irregular-
ities are described in the latter sections.

The crest value of the anode current at a bump increases with
gas pressure and the corresponding voltage is determined only by
the magnetic field. The value of both the voltage and the current
at the crest increases with increasing magnetic field. The crest
value may be considered to correspond to the "maximum-current
boundary” for the device. It is strongly affected by the surface
condition of the electrode. If the secondary-emission ratio of
a swrface is very high the maximum-cwrrent boundary becomes corres-
pondingly large. With the aluminum cathode, for example, it was
not attainable owing to power limitations.



(III. CHARACTERISTICS)

v '5
f 313 gauss, 5 x 107 mm of Hg 625 gauss, 5 x 10™° mm
(kv)
25 1+ ¢ o
P
/—62’5 gauss, 13 x 10°° ma of Hg
./'/
L
-
-
27 ‘.\m of Hg <
z N
\\
\‘ \
7 >
/ N._ 1250 gaues, 5 x 10'5711-:_.9&!&_,(
15 -+ 5\_ """ —
5 < \/. / "\\ ‘/./'TZ,‘()'O gaugs
( * /\\ 13 x 10 “ mm of Hg
\. . — \‘
L O T
~. T
V. < - /
o1 T e
. / =0 625 gauss, 13 x 10°° mm of Hg
. .
= \4/0/ \525 gauss, 5 x 1070 m of Hg
/ -
5 1 / D
o
7 a3 gauss, 13 x 10°> mm of Hg
X /7//. -5
///" 313 gauss, 5 x 10 © mm of Hg
/
0 i A + 3 1
0 100 200 I,(ma) 300 400 500

Fig. 5.--Voltage-current characteristics for
(88-1.1) without anode condenser.
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(III. CHARACTERISTICS)

vd
(xv)
254
m-
154
10
Note: lO'h mm of Hg for
5 . 313 and 625 gauss
l.1x 1o"‘ mn of Hg
for the others
~—=~-a
0 100 200 300 k0o 500
I,(ma)

Fig. 6.--Voltage-current characteristics for
(88-1.1) with anode condenser.
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(IV. NOISE AT ANODE)
IV, NOISE AT ANODE

The noise component of the anode voltage was measured with an
oscilloscope and the approximate effective value is plotted as a
function of the dc anode voltage and the magnetic field in Figs.

T through 12. Since the pattern of the anode noise is quite var-
iable, as shown in Fig. 10, a value of noise voltage read from an
ordinate has only a qualitative meaning.

The data in Figs. 7 and 11 are taken without anode condenser
for the (S8-2.4) and (88-1.1) devices,respectively; the high noise
voltage observed has usually a fundamental frequency in the range
from several tens to a few hundreds of kilocycles. This large
amplitude of noise has no particular dependence on the dc anode
voltage, magnetic field and hydrogen pressure. The anode capaci-
tance of 0.5 uf can stop the large variation of the anode voltage,
as is clear from Figs. 8, 9, 10, and 12. The noise component, in
this case, previously hidden behind the large amplitude of low-
frequency noise, appears over the higher-frequency region. The
condenser, vhich is effective in shorting the noise voltage in the
hundred -kilocycle region, behaves like an inductive reactance for
the megacycle noise frequencies. The noise observed with the comn-
denser inserted is characterized by a fundamental frequency in the
range beyond about 10 Mc and by being modulated with a frequency
between several tens and a few hundreds of kilocycles.

The correlations between Figs.1ll and S and between Figs. 12
and 6 are remarkable in that the peaks in anode current are always
accompanied by the peaks in anode noise. It should be perticularly
emphasized that the positions of the noise curve peaks in the lower
magnetic-field region (shown in Figs. 7, 8, 11, and 12) change
approximately as a function of Vd/Ba. Some typical examples are
indicated with the marks of arrows connected by dotted lines. The
V,/5 value 1s kept constant along each dotted line. On the other
hand it appears that the vd/n value is kept constant in the higher
magnetic-field region as shovn by the simple arrowmarks in Fig. 7.

-9 -



(IV. NOISE AT ANODE)

unstable

(v)
500

250

|
313\ gauss N
\ AN

O d

5001

() © 10 20 vd'(kv)
500 + 1eso¢puu
2501

(o] + + + +
(v) 01875 - 510 20 vd(xv)
(o3 7> omoy
| //\M
0 ; : 7 -
0 10 20 V‘(kv)
Fig. 7.--Anode noige characteristics without amode condenser at

1.7Tx

10°" mm of Hg for (88-2.h).
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(IV. NOISE AT ANODE)

Noise
(v)
201 250 gauss
10+ I\ \
\
0 N s
+ - . '
(v) © 10 N 20 V,(kv)
20: 375 gauss \)
10+
0 + + + ¥ +
(v) © 10 20 Vd(kv)
eor 625 gauss
10t
0 + + | ' ;
(v) 0 10 20 Vd(kv)
201 1000 gauss
104
0 -+ ‘ -+ + +
(v) 0 10 20 Vd(kv)
20t
1875 gauss
. /\—~
0 ' 3 } + 4
) 10 20 Vd(kv)

Fig. 8.--Anode noise characteristics yith
anode condenser at 1.7 x 10°" mm of Hg
for (88-2.4).
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250 gauss for Fig. 9

20v
300 gmuss

20v
319 gmuss

il

625 gauss

-—

ﬁsjﬁlt secEion

1125 gauss

aiadays s

APt
[ N R

10us/unit section

1625 gauss
Maw
[E W U U N WA U U N U )

Sms/unit section

Cn

(IV. NOISE AT ANOIE)

2000 gauss for Fig. 9
(vd = 12kv)
20v

-

e ) NS T S TN NN N NN PR U |
‘SSus/unit section
2500 gmuss

-—

Siﬁefm‘:if lseé:tlio‘n '

20kv, 62§ gauss,
8.5 x 10" =mm of Hg

2000v

-—

lﬁs 7unit section

bkv, 1560_gauss,

1.7 x 10°7 mm of Hg

T

—

j W TS S N D S W W S S |

20us/unit section

Fig. 10.--Ancde noise patterns for (88-2.4):

"‘h [} Vith

1.k x 10
1-J, vithout anode condenser.
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Noise (IV. NOISE AT ANODE)

(kv)
2+
14 A 313 gauss,
\ ﬁ 5.1 x 107 mm of Hg
ol L], ]
(kv)o Vd(kv)
2]
625 gauss,
14 5.1 x 10 © mn of Hg
Q ——t —
(kv)o 10 20 Vd(kv)
2] 1250 gsugg
5.1 x 10 7 am of Hg
1N Fq buildsfup
Q N\ ;é;\/\/' . A
(kv)o 1 \\ 20 Vd(kv)
2T§l90 gausg |
1l n of Hg
R R RN A 37)
(kv) 4

| 313 guusg
' 13 x 10° m of Hg

= 13 x 10

\‘mtcblc
\\\ 625 “u!s
ma of Hg

v

1250 gaugs
13x 10 “ ma of Hg

20 Vd(kv)

2190 gaugs
13 x 10 “mm of Hg

0 1 2 V,(xv)

Mg. 1ll.--Anode noise characteristics without anocde condenser
for (88-1.1). \
T



(IV. NOISE AT ANODE)

Noise
(v)
20¢ 313 gauss,
1.3 x 107 mm of Hg
lo»
(o3
(v)
204 625 gauss,
1.3 x 10  mm of Hg
104
\\f_/
o sk~
0 1 V.{k
(v) a
20+ 93’_7haluu
10  mm of Hg
10+ lId builds up
Q /:/\/\ ! )
(v) © 10 20 Vd(kv)
20 1 1250 gauss
10  mm of Hg
10 + /
° ¢ + +— 4
20 Vd(kv)
18'_7§ gauss
10 mm of Hg
o =~ 10 = %0 V,(kv)

Mg. 12.--Anode noise characteristics with
anode condenser for (88-1.1).
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(IV. OISE AT ANODE)

The high-frequency components of the modulated wave patterns
shown in Fig. 10 were not investigated systematically, because of
measurement difficulties. However, it has been observed that the
frequency ranges over a band of a few tens of megacycles, and does
not change appreciably with the magnetic field or the anode voltage.
Occasionally it increases a little with the anode voltage. Also
occasionally it was found to change in proportion to the arift
velocity.

The value of the frequency of about 100 kc, vhich is observed
as the anode noise wvithout the anode condsnser, is not caused by
the extermal circuit, as discussed belov. The capacitance between
anode and cathode(ground ), vhich is estimated to be a fev hundred
picofarads, and the water-resistor of about 7 K at the anode
circuit correspond to a time constant of about 1 psec--about the
ssme as the restoring time of the anode voltage in Fig. 10-1.

The probable cause of the large smplitude of noise is a periodic
ion-depletion, vhere the period is mainly determined by a diffusion
time for the neutral gas from the cathode area to the anode area.
The succeeding ionization process is expected to occur and cease
comparatively rapidly. The following numerical calculation tends
to support this assumption. Suppose the temperature of the

neutral gas is 100°C (since the electrodes are water cooled): the
average velocity in the radial direction is

v = Vakr/lngzlmn/ue

r

for the hydrogen-atom gas. This value requires about 17 usec

for an atom to pass through the whole separation distance between
anode and cathode of the (88-2.4) device. If we compare this time
with the period of the relaxation oscillatiom im Fig. 10-i, for
example, we see that the two times agree fairly well.

If the anode voltage is relatively small in terms of the
nagnetic field, the cyclotron diameter of an ion can become smaller
than the separation distance between anode and cathode and it may
stay in the interaction space for a relatively long time. A
plasma layer may be expected around the cathode for this situation

-l -



(V. ROISE OBSERVATIONS WITH PROBE)
and various kinds of plasma instabilities may occmr.8 The voltage
pattern shown in Fig. 10-J may be attributed to this kind of
phencmenon.

V. OBSERVATIONS OF NOISE WITH TUNGSTEN PROBE

Since the anode noise is only indirectly related to the cir-
cumferential motion of the electrons, direct measurements of this
motion cannot be obtained from the external circuit. A probe
should therefore be used for the further investigation of the
space-charge behavior. Figure 13 showvs examples of the frequency
spectra of the tungsten-probe noise. 'l.'hongh similar behavior is
observed with the anode noise as well as with the cage noise, the
tungsten probe wvas found to be most useful for the measurement of
the effects of the circulating electron besm. Circulating fre-
quencies are indicated in the figure that are calculated from the
familier reht:lon9

e =3 [1- VI )] (2)

cir

vhere f o is the cyclotron frequency of electron and Vc is the
cutoff voltage of the magnetron.

From Fig. 13(a) to (£), the anode voltage is fixed at 20 kv
and the magnetic field is taken as the parameter. It may be noted
that a sharp peak noise is found in the region near 438 gauss,
and a broad pesk noise exists in the region near 1500 gauss. The
results of various observations including Mg. 13 signify that
there are many modes over a vide frequency range in the cavity
space and that some of them are excited by the circulating electron
beam. If the frequency of & mode is related to the circulating
frequency by an integral ratio, the mode is strongly excited.

S8ince many modes are distributed over a broad frequency range, the
noise-spectrum patterns appear to be modulated with the circulating
frequency and its harmonics. ’

If the ancde voltage and the magnetic field are in a certain
relation the noise is very large, vhich seems to indicate the

-17 -



(V. NOISE OBSERVATIONS WITH PROBE)

20kv,%u fotr = 68.4Mc
(a) +— - " ' ' A ' ey R 4
50 100 200 300Mc
20kv, 375 gauss fr ™ 5k, 6Mc
(b) AW (\ /\' W aX U yav_

T 160 ' 260 300Mc

(c)

(a) /J\ L

20kv, 1500 gauss
(e) .
+ 56 4 +

20kv, 1950 gauss

(£) W\/\/\/\/\/W\/\/\

+ 5 ———— ' —
16kv, 375 gauss Loy, " 43.
(&) N o4 D, DA, A /\ N
(n)
8v, 375 gauss £y, = 20.0

(1) M —t N
50 1 200 300Mc

Fig. 13.--Foise spectra for tungsten filsment at 5.1 x 10~5
m of Hg (l2 s, 88;‘2‘.#).



(V. NOISE OBSERVATIONS WITH PROBE)
formation of strong bunches. According to Fig. 13, a strong bunch
may be formed at 20 kv, 440 gauss and at 1% kv, 375 gauss. These
cambinations exactly correspond to the second noise peaks of the
noise curves in Fig. 7 in spite of the difference in the gas
pressures in the two cases. Since there is a noise peak in the
high-field region (see Fig. 13-3), we might expect that bunching
action also takes place there. A possible plasna formation, wvhich
changes the effective cathode position, may be responsible for the
broad-peak characteristic in the higher magnetic-field region.

B(gauss)

Fig. 1k.--Noise at ¢ en filament for particular
frequencies (5.1 x 10~° mm of Hg, S8-2.4).

Figure 14 depicts the presence of particular mode frequencies.
One resonance frequency is very close to 50 Mc. The nmumber of
bunches was explored from the frequency spectra in the higher fre-
'quency range. The higher harmonics usually made it Aifficult to
determine the exact frequency. In the cases depicted in Fig. 13
(a) and (e), the conspicuous noise peaks vere found in the higher-
frequency region: around 1250 Mc for (a) and around 220 Mc for (e).

If the circulating frequencies are taken from the calculated valuee,

the ratios of noise-pesk to rotation frequency are about 18 and
17, respectively, for the mmber of bunches. Since the value of
2x q_/d 1 about 17 (where R 1is the mean radius of the interaction
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(VI. PARTICLE DIAGNOSIS WITH CAGES)
space), the above observations check well with a previous report
concerning a similar configura.tion.h

VI. DIAGNOSIS OF PIG DISCHARGE PARTICLES WITH CAGES

Suppose that the secondary-emission yield of the cathode-
material shown in Fig. 15 is relatively small and many electrons

<«—— anode
% insulation

-—
‘-——— cage

! \——— cage hole

magnetic field

cathode

|
|
|
|
i
|
N
a
!\
|
|
|

fe—————— axis of symmetry
FMg. 15.--Experimental scheme.

are supplied through ionization. Electrons must travel back and
forth many times along the lines of magnetic field before their
energy allows them to leave the interaction space between cathode
and anode.

As the first approximation, the electrons within a volume
element bounded by two surfaces of revolution defined by two ad-
Jacent curved field-lines, vhich penetrate the cage-hole and are
rotated about the axis of symmetiry, may be assumed to be in an
equilibrium state. Their density distribution along field lines
may be expressed as

n = n, exp [-e¢d)/k'1'] ’ (3)

- 20 -



(VI. PARTICLE DIAGNOSIS WITH CAGRS)
vhere n., is the density at the center of the above volume element
and ¢ (2) is the potential for electron (positive) in reference
to the center of the same element at the distance [ from the
reference point. If the velocity distribution is Maxwellian, n,
should be expressed by the following relation, as far as the
dependence on the kinetic-energy component parallel to field lines
is concerned:

ng = f:o N(T) exp ( - L7 /xT) v, (k)

vhere W” means the component of the energy parallel to the field
and N(T) 1s a function of temperature.

When the cage is biased by -Vb in reference to the cathode
potential and the cathode is at a potentisl -§ (Zo) relative to
the center of the volume element, the contribution to the cage
current from the same element is proportional to the following in-
tegral, which is easily derived from consideration of Eqs. (3)
and (4):

Qo
Toage ™ N(T) exp [- ed (lb)/kT] [vb exp( - W, /kT) a ¥,

o= [N(T)/T] exp[- e g (20)/]:'1'] exp [- e Vb/k‘l‘] (5?

The above expression permits the usual method for the measure-
ment of the electron temperature. The only requirement is to get
the Icuge-vb characteristics.

It has been implicitly assumed that the impressed voltage
between anode and cathode is constant with time. Even if the in-
stantaneous anode voltage changes with time slowly, compared to
the period of the electron motion along the magnetic field (so
that the distribution of electrons changes with time), the pro-
portionality betveen Ica.ge and exp -[ch/kT] never changes; but
the proportionality coefficient of Eq. (3) must be replaced by an
appropriate integral value averaged with time.

If the secondary-emission yield of the cathode material 1is
quite high and a high vacuum is used, secondary electrons comprise
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(VII. CAGR-CURRENT CHARACTERISTICS)
twvo groups. One is the true secondary group and the other is the
rediffused electron grou;p.lo True secondary electrons usually
have lovw energy below a few tens of electron volts and their energy
distribution is nearly independent of the energy of the primary
electrons. Thus these electrons would be expected to constitute a
lov-temperature group of electrons. The others, rediffused
electrons, have usually energies of the same order as the primaries
and the directions of their velocities are strongly scattered;
these electrons tend to constitute a high kinetic-temperature group.
Strong bunching action mey pramote temperature equalization between
the two groups.

Some consideration should be given to the relaxation time in
which the particles interset with each other through two-particle
interactions. The result of a calculation using the relations
glven by Spitzer‘u indicates that the relaxation time is much too
long to be of any use for plasaa heating by means of a P.I.Q.-
discharge. Thus if we are to achieve plasma heating in a P.I.G.
discharge it must be done through a collective interaction similar
to that described above.

VII. CAGE.-CURRENT CHARACTERISTICS

Por investigating the effect of a bias voltage on the current
to a probe, a cage is to be preferred to a filament, because
secondaries are eliminated, and because the effective surface area
does not change appreciably. The wave patterns on the oscilloscope
for the cage potential are similar to those for the anode noise in
Fig. 10 (a) to (e), and they do not change appreciably according
to vhether the anode condenser is inserted or not.

Typical exsmples for the no-bias cage-current characteristics
are shown in Fig. 16. If the anode voltage is increased from zero
for a fixed magnetic f£1eld (the current of the coil is fixed), the
current at Cage 2, which is farther from the center, builds up at
first and then decresses. The higher voltage is required for the
building-up of the Cage 1 curreat as well as for that of the Cage 2
current, corresponding to the higher np‘tic field. This tendency

- 22 -
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(VII. CAGE-CURRENT CHARACTERISTICS)
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Fig. 16.--Cage current vs voltage for (88-2.4).
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(VII. CAGE-CURRENT CHARACTERISTICS)
suggests that the path of the P.I.G.-discharge current along the
magnetic-field lines may be modified a little by the circulating
electron-beam current. A simple calculation shows tlat the abso-
lute value of the field caused by the circulating current amounts
to only a fraction of 1 per cent of the externally applied field.
However, the percentage may increase apprecisbly if only the radial
component of the field is considered, vhich is mainly responsible
for the curvature modification. 'This phenomenon makes the measure-
ment of the electron temperature difficult.

Figure 17 plots the cage-current characteristics versus mag-
netic field, and also illustrates the effect of the cage bias

voltage. It can be easily seen that a high electron kinetic
0.4

1.7 x 10"‘

0. Vd-l2kv

m of Hg (H, gas)

Cage 1

0.2r

0.1+

o.hﬂL

0.3

o.l"

0

B(gauss) .
Fig. 17.--Cage current vs magnetic field for (88-2.k).
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xc;g; (VII. CAGE-CURRENT CHARACTERISTICS)

b & ]
L L

0 500 1000
Negative bias voltage V, (v)

Fig. 18.--Examples of cage-current bias-voltage characteristics.

temperature is produced at specific values of both low and high
magnetic field.

Some examples of the bias-voltage dependence of the cage
current are shown in Fig. 18, vhere the electron kinetic tempera-
tures are calculated from the curve slopes and recorded. The
values of the electron temperature and the cage current at zero
bias voltage allow the approximate estimate of the position vhere
the interaction between slectrodes takes place, if the electron
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(VIII. ELECTRON KINETIC TEMPERATURE)
density at the place is assumed to be around the same as that for
& laminar-flow state (for example, see Ref. 3). The results are
also recorded in FMig. 18 in terms of 0, which expresses the ratio
of the potential at the interaction place (where the cage current
origimtel) to the anode potential, with the cathode potential
taken as zero. A higher temperature for a given anode voltage
corresponds to a larger value of 9. However, the position is still
alvays in the vicinity of the cathode for the (88-2.4) device.
Similar values of O are obtained from the date for the (88-1.1)
device, for wvhich the cage current was observed only in the higher
magnetic-field region. As for the (Al-2.45) device, the values of
Q are found to be less than about 0.16. This result indicates that
the turbulence occurs near the cathode. These results are consistent
with a slipping-stream hypothesis.

VIII. ELECTRON KINETIC TEMPERATURE

The electron kinetic temperature measured with the cage
current is particularly interesting if attention is directed to
the possibility of plasma heating. An electron may, for example,
get a sufficiently high kinetic energy for fusion purposes when it
moves along the curved field lines of a PIG discharge. Scme fund-
amental information related to this possibility will be given below.

A typical example of the magnetic-field dependence of the
temperature under fixed anods voltage is illustrated in Fig. 19,
vhere two conspicuous peaks are found. One of the peaks is found
in a low-magnetic-rield region and the other is in a region of
high field. This tendency is the same as the I-V and noise char-
acteristics described previously. (For example, Fig. 9 was obtained
under very similar conditions.)

The peak in the lower field region is usually observed at a
point close to the peak-noise comdition, which is found if the
anode condsenser is not inserted. The high-temperature and noise
pesks never coincide, however, which can be explained by the fact
that the high-voltage anode noise causes the electroms to be drained
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(VIII. ELECTRON KINETIC TEMPERATURE)

Vi
(CV) vd - &!V

p-1.2x10'umofﬂg

Cage 2, 88-2.4 /

\/.\ /. .\___.‘
®
% 500 1600 1560 2000 2560
B(gauss)

FMg. 19.--Magnetic-field dependence of electron
temperature under s fixed anode voltage.

out, s0 that the time required for an electron to get to a high
temperature through mutual interaction is reduced. Several compar-
isons between the temperatures measured with and without the anode
condenser vere made and the result shows that no appreciable
difference is found between them. A little difference is found,
however, between the texperatures measured with different cages.

The peak temperature found in the lower magnetic-field region
is plotted in Fig. 20, vhich also shows the corresponding B-Vd
characteristics. The data include those taken with and without
the anode condsnser. The B-V characteristic corresponds approxi-
mately to B /Va = constant, u pointed out in the previous section
concerning the anode noise. The peak value of V! increases
approximately linearly with anode voltage. A sharp temperature
peak is one of the features for the temperature characteristic
in the lower field region.

A broad peak is observed im the higher field region. This
broad peak characteristic, as previously discussed, may be caused

by a variable plamma layer which changes the effective separation
- 27 -



(VIII. ELECTRON KINETIC TEMPERATURE)
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Mg. 20.--Characteristics for the pesk slectron
temperature in the lover magnetic-field
region (88-2.4).
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(VIII. ELECTRON KINETIC TEMPERATURE)
distance betveen anode and cathods.
Scme of the data of the alwmimm cathode are illustrated in
Figs. 21 and 22. They are examples of the characteristics with a

Ve

(W)L

500 Cage 1
./6. gauss Al-2.45

~X

t x x

FMg. 21.--Anods-current dependence of electron.
temperature for Al-cathode.
o..._ Cage 1 '1‘
vh L x--_.’ M 2 l‘
(ev) a---Cage 3

| 750 gauss
2001 I, = 0-0.3 amp f

A-2.45 /

L

+

U

Fig. 22.--Anode-voltage dependence of electron
temperature for Al-cathode.
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(IX. CATHODE DISSIPATION)
fixed magnetic field. The curve for 156 gauss shows that the peak
temperature appears at the threshold of & strong magnetron-action
(that 1s, the current increases owing to strong ordered motion),
but the tempersture does not increase, probably because the high-
temperature electrons are removed before their temperature can
increase any further. The difference between the temperatures
observed vith different cages is not significant.

The correlations among anode noise, frequency spectra for
tungsten-filament noise, no-bias cage-current characteristics, and
electron-kinetic temperature show that a single phenomenon is
probably ru]ionsible for all effects, and that this phencmenon can
be interpreted in terms of bunching action.

Additional evidence for the coincidence between a high kinetic
temperature and a strong bunching action is provided from the data
of a davice vith rf anode structure and Al-cathode. It was easier
to obtain a high kinetic temperature for the device with an rf
structure than for the one with a smooth-bore anode, vhich can be
correlated with the fact that bunches are more easily formed when
an rf structure is present.

IX. CATHODE DISSIPATION

The powver dissipated at the cathode and the ancde were measured
by observing the increase in temperature of the cooling water.
Because of the variability of the water flow and the camparatively
mell smount of energy loss, relisble data are scarce for the
(88-2.4) device. They are tabulated in Table 2. The rate of the
cathode dissipation is usually of the order of 40 per cent and is
clearly higher for the peak electron-temperature condition described
in Mg. 20.

As for the (88-1.1) device, the results are shown in Figs.

23 and 24, If the observation is made under a fixed anode current,

the different states of operation, corresponding to the different

humps of Figs. 5 and 6 (vd'Id curves), have different rates of the

cathode dissipation. Along the curve corresponding to one particular
-3 -
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Fig. 23.--Cathode dissipation vs magnetic field for (S8-1.1)
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Fig. 24.--Cathode dissipation vs current and pressure
for (88-1.1).
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(X. OPTIMIZATION OF ELECTRON SELF INTERACTION)

TABLE 2.--Cathode dissipation for (88-2.4).
v, B Cathode heat P
Total heat

(kv) (emuss) (%) (om of Hg)
2k 438 b7.h 2.2 x 10'“
2h 4,88 k2.4 2.2 x 10"‘
28 500 47.2 2.2 x 10"’
28 519 1.2 2.2 x 10"‘
o 475 bh.3 2.4 x 10"‘
24 13 37.6 4.8 x 10"‘

mode, the rate of the cathode dissipation amounts to TO per cent.

The regions of high cathode dissipation (Fig. 25) are corre-
lated to the regions of high temperature (Fig. 21). For the
alwminum cathode, the rate of cathode dissipation is quite low, of
the order of a few tens of 1 per cent. In other vords, a higher
yield of secondary emission from the cathode corresponds to a
lower voltage and therefore correspondingly lower turbulent velo-
cities.

. M gures 23 and 25 both indicate that the magnetron operation
may take place in quite different space-charge configurations at
the different regions of the magnetic field. The critical values
of the field may depend on the device itself.

X. OPTIMIZATION OF THE SELF-INTERACTION OF THE ELECTRONS

A. SIMPLE THEORY FOR OPTIMUM ANODE VOLTAGE AND MAGNETIC FIELD
FOR THE SELF-INTERACTION OF ELECTRON BEAM

The guiding center of an electron obeys two kinds of motion:
& drift perpendicular to the crossed field (with a velocity pro-
portional to vd/n) and a P.I.0.-discharge motion along the field
lines (for which the oscillation period is inversely proportional
to \/Vd ). S8ince charge accumlation is necessary for a strong



(X. OPTIMIZATION OF ELECTRON SELF INTERACTION)

Lo +
Cathode heat| *
Total heat
625 gauss
(%) 3o\,
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* 0 o
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Fig. 25.--Cathode dissipation vs current
for (A1-2.45).

interaction of the electrons, it may be required for an electron

to travel as long a distance ag possible vhile it stays at the
active interaction space. In other words, the product of Vd/B

and Vd'l/ 2 should be as large as possible, unless otherwise limited.
The resulting factor, Vd/B , 18 easily found to be proportional
tH> ‘\/;, where T, is the cyclotron radius for electrons in the
interaction space with no space charge.

A second requirement is that the total volume occupied by
electrons should be made as large as possible. Clearly the volume
occupied by guiding centers is proportional to (a - 2rc) » where‘

d is the separation distance of the electrodes.

We therefore expect the maximum interaction when the product

Vr (4 - 2r ) is maximized. Tms the following relation is

introduced for the optimum interaction:

rc = d/6 (6)

vhich reduces to
- 33 -



(X. OPTIMIZATION OF ELECTRON SELF INTERACTION)

6 vf

na
vhere 7) = e/m. The voltage given by Eq. (7) corresponds to one
third of the cutoff voltage of a planar magnetron. Equation (6)
can also be written

d-6rcz 2“1‘c

As has been described in Sec. V, the distance between bunches may
be of the same order as the separation distance between electrodes.
Equation (6) gives the condition that the bunch distance is approxi-
mately equal to the length of the cyclotron circumference of an
electron.

A comparison of the theory with the experimental results is
shovn in Mig. 26. The peak electron temperature (from Fig. 20)
is assumed to be a measure of the peak interaction.

B. RELEVANCE OF THE THEORY OF CROSSED-FIELD TUBES WITH THICK BEAMS

According to the theory of the diocotron effect for a slipping
besn'? the rate of growth of & disturbance with distance is a
maximum for the approximate condition

-2)%‘ a = 0.8 (8)
b
vhere & is the besm thiclness and )‘b is the vavelength of the
groving space-charge wave.

For an estimate of O , the space-charge picture in a laminar-
flov state may be considered. As has been described in Sec. X-A,
the optimm anode voltage is about 1/3 of the cutoff voltage.

Under this condition, & is roughly equal to r_, the cyclotron radius
in the intersction space without space charge; )\b may be assumed
to be approximately equal to d. With the above considerations we
derive from Eq. (8) the relation betveen the ancde voltage and
magnetic field for maximm growth:
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(X. OPTIMIZATIONK OF ELECTRON SELF INTERACTION)

x Vv,
By = [—5 (9)
0.874

The results calculated from Eq. (9) are also shown in Fig. 26.
Good agreement with the experimental data is found, despite the

fact that the assumptions were based on a planar magnetron model.
B

b ¢
L X
( 600} Experimental Results on Peak Electron Temperature
eauss ° (] PY oz
s o o __-— \_
* : — - —d—
xx & ¢c" 7.9
koo 2n v
B, = L
r o8 &
v
£
200+ j—4
d2
2 t —t
0 10 30

Vf(kv)

Fig. 26.--Optismum relation between Vr and Br
for magnetron action.

C. AN APPLICATION

The preceding results give a method for the determination of
the operating voltage and magnetic field in the lower magnetic-field
region. Suppose the rf structure has a resonant frequency of r‘
and a space-charge wavelength )\ s’ which is dstermined by the
periodicity of the rf structure. The synchronism condition for
the electron drift velocity gives approximately

Ng Ty = Va/By
and in accordance with Eq. (9)

v, = (0.8/2x) 7a’s®
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(XI. CONCLUSION)

The above expressions determine the optimum V., and B for a given

structure. (Though best operation is expecteg for the structure
with >‘s = d, where d is the anode-cathode spacing, the voltage
and magnetic field can be optimized even when this condition is
not satisfied.) A relatively successful anode structure has been
designed at this Leboratory for which f, = 145 Mc, :\s = 5.8 cm,
and @ = 1 cm. The formulas give B = 380 gauss and Vd = 3.2 kv as
the result from the above relations. These values coincide well

with the optimum operating condition obtained experimentally.2
XI. CONCLUSION

The use of a stainless-steel cathsde has provided a better
understanding of cold-cathode magnetrons.

The kinetic temperature of the electrors in the space-charge
sheath of a plasma magnetron appears to be rroduced malnly by the
turbulence due to the diocotron effect, which leads to the formation
of bunches. Calculations indicate that scattering owing to ccllisions
is not sufficient to randomize the ordered motion of the P.I.G.
discharge.

There are at least two kinds of modes with which the electrons
can achieve a peak kinetic temperature. One mode is related to a
relatively low magnetic field. Equation (7) or (9) gives the
optimum relations among the anode voltage, the magnetic field, and
the electrode separation. The other mode is concerned with a
relatively higher magnetic field, where the cyclotron radius of
an ion decreases appreciably, so that a plasma may be formed above
the surface of the cathode, and the optimum voltage is approximately
proportional to the magnetic field.

The conditions for peak temperature are intimately related
to bunch formation and maximum magnetron-type amplification.

The wavelength of the space-charge wave in the interaction space
is found to be the same as the separation distance between electrodes.

It has been proved experimentally that the previous theory

for the growth of a space-charge wave owing to the diocotron

- 3% -



(XI. CONCLUSION)
effect for a thick slipping-stream beam gives accurate results.

Sufficient secondary emission can lower the operating anode
voltage for a given current. If the rf structure of the anode
does not coincide with the mode of the smooth cylindrical structure,
it may be expected that some Jjump phenomena between modes occur,

12

which correspond to bumps in Figs. 5 and 6.

There are still some important problems to be considered
before either of the electrodes can be replaced with a plasma for
the purpose of studying an ion-sheath that might exist. The mode
in the higher magnetic-field region has not been explored
sufficiently because of the limitation of the voltage or the
magnetic field available. The higher magnetic-field region 1is
probably the more interesting one with respect to plasma confine-
ment problems.
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